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Abstract 

A  new  procedure  for  carbon  anode  preparation  is  described.  First,  carbon  (graphite)  particles  are  pretreated  in  an  aqueous  solution  of 
gelatine.  Then,  the  slurry  is  directly  pressed  on  the  copper  substrate  without  addition  of  a  special  binder.  It  is  shown  that  such  anodes  have 
lower  irreversible  loss  (13-16%)  than  the  classically  prepared  anodes.  Efficiency  reaches  values  close  to  100%  at  latest  in  the  third  cycle. 
Reversible  capacity  can  be  as  high  as  340  mA  h  g  1 .  Stability  of  the  new  anodes  up  to  20  cycles  is  satisfactory  only  at  higher  concentrations 
of  gelatine  solution  used  in  the  pretreatment.  Optimization  of  the  new  anode  is  a  subject  of  further  investigation.  ©  2001  Elsevier  Science 
B.V.  All  rights  reserved. 
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1.  Introduction 

In  lithium  ion  rechargeable  batteries,  the  problem  of 
passive  him  formation  on  the  surface  of  carbon  anode  during 
the  first  cycle(s)  has  still  not  been  solved  to  a  satisfactory 
degree.  On  one  hand,  the  passive  him  formation  consumes 
irreversibly  a  considerable  amount  (15-35%)  of  the  lithium 
present  in  the  cathode  upon  cell  assembly  while,  on  the  other 
hand,  the  passive  him  itself  represents  an  additional  barrier 
for  lithium  ion  transfer  during  cycling.  Since  the  formation 
of  a  passive  him  cannot  be  avoided  due  to  thermodynamical 
reasons  [1],  the  reduction  of  the  problem  is  limited  to 
optimization  of  the  him  properties.  It  can  be  proposed  that 
an  ideal  passive  him  should:  (i)  be  a  good  ionic  conductor  (to 
decrease  the  polarization  during  cycling);  (ii)  be  a  poor 
electronic  conductor  (to  have  a  passivating  character);  (iii) 
be  very  thin  (to  minimize  the  irreversible  losses  of  charge); 
(iv)  uniformly  cover  the  surface  of  each  carbon  particle  (to 
prevent  solvent  co-intercalation  as  well  as  irreversible  losses 
in  later  cycles);  (v)  posses  a  certain  degree  of  elasticity  (to  be 
able  to  adjust  to  dimensional  changes  of  anode  paricles 
during  cycling). 
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The  him  properties  can  be  inhuenced  through  selection  of 
the  type  of  carbon  used  [2],  selection  of  electrolyte  compo¬ 
sition  [3-5],  electrolyte  modihcation  using  additives  [2,6- 
8],  and  through  pretreatment  of  carbon  particles  leading  to 
appropriate  surface  modihcation  [9-11]. 

In  this  paper,  we  present  an  approach  in  which  carbon 
(graphite)  particles,  before  being  used  in  the  conventional 
procedure  of  anode  preparation,  are  pretreated  in  an  aqueous 
solution  of  gelatine.  The  gelatine  solution  may  be  modihed 
by  appropriate  addition  of  salt(s),  surfactant(s),  etc.  in  such  a 
way  that  a  maximum  adsorption  of  gelatine  molecules  on 
carbon  particle  surface  occurs.  The  adsorbed  gelatine  mole¬ 
cules  contain  a  large  number  of  active  groups  (cationic, 
anionic  and  non-ionic)  which  may  serve  as  nucleation  sites 
for  passive  him  formation.  In  a  previous  paper  [12],  we 
showed  that  the  high  surface  density  of  nucleation  sites 
should  in  principle  lead  to  uniform  him  growth  over  entire 
particle  surface  thus  satisfying  point  (v)  stated  above.  More¬ 
over,  the  gelatine  molecules  selected  for  the  present  inves¬ 
tigation  have  a  sticky  character  and  some  of  them  extend  far 
away  from  the  particle  surface  (up  to  0.5  pm).  These  special 
properties  might  be  of  considerable  help  in  satisfying  point 
(v)  stated  above.  Even  more,  the  results  show  that  the 
gelatine -pretreated  carbon  particles  are  bound  together 
strongly  enough  that  no  conventional  binder  has  to  be  added 
to  the  anode  material  to  prepare  mechanically  stable  anodes. 
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2.  Experimental 

As  active  anode  material,  graphite  particles  SFG44  as 
received  from  TIMCAL l!  were  used.  Before  use,  the  par¬ 
ticles  were  immersed  into  a  water-based  gelatine  solution  for 
15-30  min.  The  detailed  composition  and  treatment  of  the 
gelatine  solution  are  described  elsewhere  [12,13].  Three 
concentration  ranges  of  gelatine  have  been  tested,  i.e.  med¬ 
ium  gelatine  concentrations  (between  0.1  and  1  wt.%),  high 
concentrations  (above  1  wt.%)  and  low  concentrations 
(below  0.1  wt.%).  It  seems  that  the  most  important  proper¬ 
ties  of  gelatine  for  the  present  use  are:  (i)  a  large  number  of 
ionic  and/or  non-ionic  groups,  and  (ii)  presence  of  long 
chains  some  of  which  extend  from  the  particle  surface  out 
into  bulk  solution.  Beyond  that,  appropriate  conditions  (pH, 
temperature,  etc.)  have  to  be  selected  to  allow  maximum 
adsorption  of  poly  electrolyte  onto  carbon  particle  surface. 

In  the  present  investigation,  the  pretreated  particles  were 
separated  from  the  rest  of  solution  by  filtering.  The  slurry 
was  partially  dried  and  pressed  onto  a  12-pm-thick  copper 
substrate  at  a  pressure  of  1000  kPa  to  obtain  about  50-pm- 
thick  layer  of  active  material.  Prior  to  use,  the  anodes  were 
dried  in  vacuum  at  100°C  for  10-12  h  and  transferred  to  an 
Ar-filled  gove  box. 

For  comparison,  reference  anodes  based  on  the  same 
active  material  (SFG44)  were  made  according  to  a  conven¬ 
tional  procedure,  i.e.  using  teflon  as  a  binder,  as  described 
elsewhere  [12], 

Two  electrolytes  were  used  to  test  the  anode  properties: 
(a)  1  M  solution  of  LiPF6  in  EC:DMC  (1:1  ratio);  (b)  1  M 
solution  ofLiPF6  in  EC:DEC  (1:1  ratio),  both  received  from 
Merck. 

The  electrochemical  tests  were  performed  using  a  labora¬ 
tory-made  three-electrode  testing  cell.  The  cell  housing  was 
made  of  teflon.  The  electrode  holders,  which  also  served  as 
contacts,  were  from  stainless  steel.  Sealing  was  provided 
using  O-rings.  The  working  and  the  counter  lithium  elec¬ 
trode  were  separated  with  two  separators  (Celgard  No. 
2402).  Between  the  separators,  a  thin  strip  of  metallic 
lithium  serving  as  a  reference  electrode  was  positioned. 
The  stainless-steel  holder  for  cathode  was  enlarged  and 
was  slightly  smaller  than  the  corresponding  compartment. 
In  this  way,  the  holder  exerted  a  constant  pressure  of  ca. 
7  N  cm-2  on  the  electrodes,  regardless  of  the  changes  in 
their  dimensions  during  cycling.  The  contact  between  the 
holder  “W”  and  the  upper  stainless  steel  cover  was  achieved 
through  a  thin  nickel  strip  welded  onto  both  sides.  Many 
tests  performed  in  our  laboratory  have  shown  that  a  cell  with 
such  construction  operates  more  reliably  and  gives  better 
reproducibility  of  electrohemical  results  than  a  similar  cell 
in  which  the  electrodes  are  pressed  together  using  a  spring. 

Electrochemical  measurements  were  performed  using 
equipment  from  Solartron:  a  1286  Electrochemical  Interface 
and  a  1250  Frequency  Response  Analyzer.  The  constant 
current  during  cell  cycling  was  either  50  or  125  pA  (corre¬ 
sponding  to  C/7  and  C/3,  respectively),  while  the  geome¬ 


trical  surface  area  of  the  working  electrode  was  always 
0.5  cm2.  The  impedance  spectra  were  recorded  in  the  fre¬ 
quency  range  65,000-0.01  Hz  at  selected  anode  potentials. 

3.  Results  and  discussion 

In  the  following,  we  present  some  typical  electrochemical 
characteristics  of  the  anodes  prepared  from  gelatine-pre- 
treated  graphite  particles  without  addition  of  classical  bin¬ 
ders.  Note  that  in  most  cases  shown,  the  properties  are  still 
being  optimized  by  varying  experimental  conditions,  such  as 
gelatine  type,  gelatine  concentration,  temperature,  pH,  etc. 

Potential  variation  during  first  intercalation  and  deinter¬ 
calation  of  the  pretreated  (PA)  and  conventional  (CA)  anode 
is  shown  in  Fig.  1.  Comparison  of  the  intercalation  curves  in 
Fig.  1  shows  that  in  the  case  of  PA,  much  less  charge  is 
consumed  to  the  point  when  the  potential  reaches  0.2  V,  i.e. 
when  the  passivation  is  considered  more  or  less  completed 
and  pure  intercalation  starts.  Furthermore,  in  the  potential 
range  0-0.2  V,  the  intercalation  curve  for  PA  is  smoother 
than  that  of  CA,  i.e.  the  individual  intercalation  stages  are 
less  pronounced  in  the  former  case.  The  deintercalation 
curves  have  similar  shapes  but,  again,  the  curve  for  PA  is 
smoother.  The  most  important  difference  between  both 
systems  is  in  the  amount  of  irreversibly  lost  charge  during 
the  first  cycle,  i.e.  32%  for  CA  and  only  16%  for  PA.  These 
results  can  be  explained  by  a  simple  qualitative  model 
derived  from  impedance  spectroscopy  measurements  as 
presented  in  a  previous  paper  [12].  The  model  assumes  that 
while  in  the  case  of  CA  a  rather  thick  and  porous  passive  film 
is  formed,  the  gelatine  molecules  adsorbed  on  the  surface  of 
PA  induce  formation  of  a  much  thinner  and  more  dense  film. 
It  is  worth  noting  that  a  similar  effect  of  gelatine  on 
formation  of  carbon  black  films  on  printed  wiring  boards 
has  been  reported  [14]. 


Fig.  1.  First  charge/discharge  of  an  anode  prepared  from  gelatine  - 
pretreated  graphite  particles  SFG44  without  use  of  a  classical  binder 
(PA)  and  of  a  corresponding  anode  prepared  according  to  a  conventional 
procedure  (CA)  using  teflon  dispersion  as  a  binder.  In  both  cases,  the 
cycling  rate  was  C/2. 
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Fig.  2.  Minimum  irreversible  loss  of  PA.  Gelatine  concentration  during  the 
pretreatment  procedure  was  within  the  medium  range  (see  Section  2). 
Cycling  rate  was  C/4. 


380 

j?  360 
< 

E 

--  340 

g_  320 

CD 

O 

0)  300 

.a 

E 

a>  280 

<D 

Od 

260 


0 


A 


2 


A 


■  PA  -  low  cone,  of  gelatine 
•  PA  -  high  cone,  of  gelatine 
a  CA 


A 


A 


4  6  8  10 

Cycle  number 


Fig.  4.  Reversible  capacity  as  a  function  of  cycles  for  PA  and  CA.  The 
gelatine  concentration  corresponding  to  squares  was  twice  lower  than  that 
corresponding  to  circles. 


Fig.  2  shows  that  the  irreversible  loss  in  the  first  cycle 
using  PA  can  be  as  low  as  13.4%,  while  the  corresponding 
reversible  capacity  remains  above  300  mA  h  g~ 1 .  The  irre¬ 
versible  capacity  in  several  control  experiments  using  CA 
was  between  30  and  35%.  Unfortunately,  at  the  present  stage 
of  our  optimization,  the  lowest  irreversible  losses  of  PAs  are 
still  associated  with  a  gradual  decrease  of  reversible  capacity 
due  to  anode  degradation  during  cycling  (not  shown  in  Fig.  2). 

From  Fig.  3,  it  can  be  seen  that  the  efficiency  (the  ratio 
between  the  intercalation  and  deintercalation  charge)  of  PA 
increases  to  over  98.5%  already  in  the  second  cycle  and  to 
more  than  99%  in  the  third  cycle,  while  from  the  fifth  cycle 
on  it  is  effectively  100%  (the  slight  variations  are  due  to  the 
experimental  error  of  charge  determination).  The  problem  of 
this  particular  set  of  experiments  was  that  the  degree  of 
intercalation  was  significantly  <1  (see  the  upper  curve  in 
Fig.  3).  Apparently,  this  problem  can  be  overcome  by  decreas¬ 
ing  the  concentration  of  gelatine  during  the  pretreatment 
procedure  (see  squares  in  Fig.  4).  However,  a  decreased 
gelatine  concentration  results  in  decreased  adhesion 
between  carbon  particles  and,  consequently,  in  faster  anode 


Fig.  3.  Degree  of  intercalation  (left  axis)  and  efficiency  (right  axis)  as 
functions  of  cycle  number  for  a  PA  anode.  Cycling  rate  was  C/2. 


degradation  which,  in  Fig.  4,  reflects  in  a  gradual  decrease  of 
reversible  capacity  with  the  number  of  cycles.  A  solution  to 
this  problem  could  be  a  combination  of  gelatine  pretreat¬ 
ment  using  small  concentrations  and  addition  of  an  appro¬ 
priate  quantity  of  classical  binder. 

The  advantage  of  low  gelatine  concentration  is  further 
illustrated  in  Fig.  5.  Obviously,  the  higher  gelatine  concen¬ 
tration  leads  to  higher  polarisation.  At  the  same  time,  the 
high  gelatine  concentration  leads  to  lower  specific  capacity 
and  higher  irreversible  loss. 

The  dependence  of  reversible  capacity  and  efficiency  on 
cycling  rate  is  displayed  in  Fig.  6.  Although  the  values  in 
both  curves  show  large  oscillations,  the  tendencies  are 
expected  and  comparable  to  CAs. 

It  seems  that  PA  performance  depends  significantly  on  the 
electrolyte  composition.  Fig.  7  shows  that  while  a  change 
from  DMC  to  DEC  does  not  affect  the  shape  of  the  first  cycle 
(a),  it  has  a  pronounced  impact  on  the  efficiency  and  the 
reversible  capacity  as  functions  of  cycle  number  (b). 


Fig.  5.  Influence  of  gelatine  concentration  on  the  shape  of  the  first  charge/ 
discharge  cycle.  The  gelatine  concentration  corresponding  to  open  circles 
was  10  x  higher  than  that  corresponding  to  solid  circles  (the  latter,  in  turn, 
corresponded  to  the  medium  concentration  range  —  see  Section  2). 
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Fig.  6.  Reversible  capacity  and  first-cycle  loss  (given  as  “1 -efficiency”)  of  PA  as  functions  of  current  density. 
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Fig.  7.  Influence  of  electrolyte  composition  on  performance  of  PA.  In  all 
cases,  (a)  circles  correspond  to  the  EC:DMC  =  1:1  electrolyte,  while 
squares  represent  the  EC:DEC  =  1:1.  (b)  Solid  symbols  correspond  to 
reversible  capacity  and  open  symbols  correspond  to  efficiency. 


4.  Conclusions 

Gelatine  pretreatment  of  carbon  particles  used  as  anode 
material  may  lead  to  improvement  of  several  electrochemi¬ 
cal  parameters,  such  as  the  irreversible  loss  in  the  first  cycle, 
Coulombic  efficiency  and  reversible  capacity.  Better  results 


are  obtained  at  lower  gelatine  concentrations.  By  contrast, 
stability  after  prolonged  cycling  is  better  at  higher  gelatine 
concentrations,  probably  due  to  stronger  adhesion  forces 
between  carbon  particles.  A  technology  that  would  yield 
optimal  results  in  both  respects  should  probably  include  a 
combination  of  gelatine  pretreatment  using  small  gelatine 
concentrations  and  addition  of  an  appropriate  quantity  of 
classical  binder. 
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